Introduction
============

Heart disease is a leading cause of death worldwide. As adult cardiomyocytes have little regenerative capacity following injury, their malfunction or loss due to heart disease may lead to lethal consequences. Heart transplantation is an established therapy for heart failure, but is limited due to the number of donor organs available.^[@r01])^ Thus, new cardiac regeneration therapy is demanded, and cell replacement treatment might be an attractive option to repair injured myocardium. In particular, advances in stem cell research during the past decades have brought a tremendous amount of excitement about the possibility of using stem cells to repair damaged cardiac tissues.^[@r02])^

Embryonic stem cells (ESCs) remain undifferentiated and propagate infinitely in culture, while maintaining their pluripotency to differentiate into all three embryonic germ layers and their derivatives, including cardiomyocytes. Therefore, it is possible to generate a large number of cardiomyocytes from differentiated cultures of ESCs.^[@r03]--[@r05])^ Moreover, with the recent discovery of induction of pluripotency with Yamanaka's four factors, researchers can make cardiomyocytes from patients' somatic cells through induced pluripotent stem cell (iPSC) generation.^[@r06],[@r07])^ Recent findings demonstrated that human pluripotent stem cells (PSCs) can be efficiently differentiated into cardiomyocytes using small molecules and growth factors.^[@r08],[@r09])^ Moreover, to reduce the risk of tumor formation by contamination of residual PSCs, procedures involving cell sorting with specific cell-surface markers and a mitochondrial dye have been developed for cardiomyocyte enrichment.^[@r10]--[@r12])^ Electrical coupling of human PSC-derived cardiomyocytes and the suppression of arrhythmias in injured hearts has been reported in guinea-pig recently.^[@r13])^ Thus, cell therapy using iPSC technology might be a potential regenerative strategy for patients with heart disease in the future.

We and others recently reported that a somatic cell could be directly reprogrammed into an alternative differentiated cell type without first becoming a stem/progenitor cell.^[@r14]--[@r18])^ We found that a combination of three cardiac transcription factors, Gata4, Mef2c, and Tbx5, rapidly and efficiently induced cardiomyocyte-like cells (iCMs) from mouse cardiac fibroblasts.^[@r14])^ The induced cardiomyocytes were similar to neonatal cardiomyocytes and could be useful as a source of cardiomyocytes for regenerative purpose.^[@r14])^ More recently, we and others have demonstrated that direct gene transfer of cardiac reprogramming factors in mouse infarct hearts converted resident cardiac fibroblasts into cardiomyocyte-like cells.^[@r19]--[@r21])^ However, compared with the iPSC field, the direct lineage reprogramming has just emerged and more refinements and investigations will be necessary for future regenerative applications. In this article, I will review the ESC/iPSC-based cardiac regeneration and a new emerging technology, direct cardiac reprogramming.

Generation of cardiomyocytes from pluripotent stem cells
========================================================

ESCs are undifferentiated, pluripotent and self-renewing cells in appropriate culture conditions. In their differentiated state, they can give rise to cells of all three embryonic germ layers. *In vitro* ESC differentiation requires an initial step of forming three-dimensional aggregates called embryoid bodies (EBs). EBs mimic the development of the embryos and they can differentiate into a wide variety of cell types including cardiomyocytes. The development and gene expression profiles of ESC-derived cardiomyocytes correlate well with those of developing mammalian hearts, becoming mature with time. Thus, the most successful differentiation approaches of ESCs are those that recapitulate the regulatory pathways that control cardiac differentiation in the early embryo.^[@r09])^ Using cues from developmental biology, significant advances have been made in cardiac differentiation from mouse and human PSCs.

Findings from serial studies demonstrated that one of the earliest stages of differentiation, the induction of cardiac progenitor cells, can be monitored by the expression of cell surface markers, vascular endothelial growth factor receptor-2 (KDR/Flk-1) and platelet-derived growth factor receptor (PDGFR)-α, or by the expression of transcription factors, isl-1 and Nkx2.5, in the cells.^[@r22]--[@r24])^ Stage-specific induction of mouse and human ESCs with chemically-defined media containing activin A, bone morphogenetic protein-4, basic fibroblast growth factor, vascular endothelial growth factor and temporal modulation of canonical Wnt signaling results in generation of abundant KDR/PDGFR-α double-positive cardiac progenitor cells which can efficiently differentiate into cardiomyocytes *in vitro*.^[@r09],[@r22])^ On the other hand, mesp1 is one of the earliest transcription factors in cardiac progenitor cells and critical for heart development.^[@r25],[@r26])^ Mesp1 overexpression in mouse ESCs activated cardiac transcriptional regulators, Gata4, Mef2c, Tbx5, myocardin, and Nkx2.5, and differentiated the ESCs into the cardiovascular lineage.^[@r27])^ Further modifications of these strategies may enable induction of a large cardiac progenitor cell pool, which lead to generation of highly enriched cardiomyocytes (Fig. [1](#fig01){ref-type="fig"}).

Generation of patient-specific cells for autologous transplantation should be pursued to avoid immune rejection of the transplanted cardiac grafts. Takahashi and Yamanaka discovered that four ESC-enriched transcription factors, Oct4, Sox2, Klf4 and c-Myc, can reprogram mouse fibroblasts into ESC-like cells, iPSCs, in 2006.^[@r07])^ Just one year later, human iPSCs were generated by the same set of transcriptional factors, as well as another set of factors (Fig. [1](#fig01){ref-type="fig"}).^[@r28],[@r29])^ Although there has been some concern that human iPSCs are not identical to ESCs, iPS cells are very similar to human ESCs morphologically and they have been shown to differentiate into cell types of all three germ layers, as well as cardiomyocytes.^[@r29])^ Initially, iPSCs were made from somatic cells by retroviral or lentiviral transduction of the required transcription factors. Transgenes are inserted randomly into the host genome by this method and may therefore disrupt normal gene expression. To avoid insertional mutagenesis, iPSCs were recently generated by transduction of the reprogramming factors without genome integration, using plasmids, mRNAs, proteins and removable transposons as well as Sendai viruses.^[@r30],[@r31])^ Although there is variability among cell lines, iPSCs can be differentiated into cardiomyocytes with the same cardiac differentiation protocol originally developed for ESCs. Patient-specific iPSC-derived cardiomyocytes could be obtained for cell therapy in the future, thereby possibly avoiding the immune rejection problems. Moreover, iPSCs may offer the possibility of generating gene-corrected, patient-specific cardiac cells from individuals who have genetic diseases.^[@r32])^ Appropriate evaluation of safe iPSC clones as a cell source for cardiomyocytes might be critical for future applications in heart regeneration therapy.^[@r33])^

Heart repair using pluripotent stem cell-derived cardiomyocytes
===============================================================

As cardiomyocytes are terminally differentiated cells, myocardial tissue recovery after injury is particularly limited. The transplantation of cardiomyocytes derived from PSCs into the infarcted heart has been reported to improve cardiac function in animal models.^[@r03],[@r05])^ Laflamme *et al.* reported an improvement in cardiac function 4 weeks after coronary artery ligation and injection of human ESC-derived cardiomyocytes in immunodeficient rats.^[@r03])^ In contrast, van Laake *et al.* reported that improvement of heart function was observed at 1 month but not at 3 months after myocardial infarction and injection of ESC-derived cardiomyocytes in mouse hearts.^[@r05])^ The precise mechanisms mediating the beneficial effect of transplanted ESC-derived cardiomyocytes are currently unclear, as the majority of the grafted cardiomyocytes disappeared gradually after direct injection of cells into the heart.^[@r03],[@r34])^ Thus, to enhance the effect of PSC--based cardiac repair, it is important to improve the survival of grafted cells. The administration of prosurvival factors with the grafted cells may improve the survival of transplanted PSC--derived cardiomyocytes.^[@r03])^ The formation of aggregates of PSC--derived cardiomyocytes through cell-cell adhesion may improve their survival in the heart through auto- and paracrine factors.^[@r11])^ Recently, Shiba *et al.* reported that human ESC-derived cardiac grafts in injured hearts protected against arrhythmias and contracted synchronously with host muscle in guinea-pig hearts at least till 1 month.^[@r13])^ Injured hearts with cardiac grafts showed improved mechanical function and a significantly reduced incidence of both spontaneous and induced ventricular tachycardia. It would be necessary to carry out safety and efficacy studies with longer follow-up durations in a large animal model in the future.

The transplantation of undifferentiated PSCs may result in the formation of teratomas. Thus, it is critical to purify cardiac cells and remove contaminated immature cells from the cardiac grafts to eliminate the risk of tumor formation. Cardiomyocyte-specific gene reporter systems can be used for the high-grade purification of cardiomyocytes, but this method requires genetic modifications.^[@r35],[@r36])^ Hattori *et al.* reported that a fluorescent dye that labels mitochondria can be used to selectively mark ESC/iPSC-derived cardiomyocytes.^[@r11])^ They demonstrated that highly pure cardiomyocytes could be obtained by fluorescence-activated cell sorting (FACS) with this dye. Dubois *et al.* used a surface protein, signal-regulatory protein alpha (SIRPA), as a cardiac-specific marker and purified cardiomyocytes (up to 98% purity) via FACS.^[@r12])^ Tohyama *et al.* have reported a simple medium-exchanging procedure that enabled cardiomyocyte purification of up to 99%, based on the marked biochemical differences in glucose and lactate metabolism between cardiomyocytes and noncardiomyocytes.^[@r37])^ Such non-genetic methods might be powerful tools for future clinical applications.

Direct reprogramming of fibroblasts into cardiomyocytes by defined factors
==========================================================================

It is possible to avoid tumor formation by cell therapy, if target cells can be obtained directly from somatic cells without passing through stem cell generation (Fig. [2](#fig02){ref-type="fig"}).^[@r14]--[@r17],[@r29],[@r38],[@r39])^ Zhou *et al.* reported that the combination of pancreatic transcription factors, Neurogenin 3, Pdx1 and Mafa, can efficiently reprogram pancreatic exocrine cells into functional β-cells *in vivo*.^[@r18])^ Vierbuchen *et al.* reported that neural-specific transcription factors, Ascl1, Brn2 and Myt1l, convert dermal fibroblasts into functional neurons.^[@r17])^ We first found that a minimum cocktail of three cardiac-specific transcription factors, Gata4, Mef2c and Tbx5 (GMT), directly induced cardiomyocyte-like cells from mouse fibroblasts *in vitro*.^[@r14])^

In our study, we used cardiac fibroblasts (CFs) as a cell source for cardiac reprogramming. CFs are found throughout cardiac tissues along with cardiomyocytes, and account for more than half of the cells in the heart.^[@r40]--[@r42])^ In diseased hearts, fibroblasts proliferate and secrete extracellular matrix and growth factors which induce fibrosis and myocardial remodeling, leading to heart failure.^[@r43])^ To determine the candidate factors of cardiac reprogramming, we identified the genes which are specifically expressed in embryonic cardiomyocytes. We developed a novel cell purification system in which embryonic cardiomyocytes and CFs can be purified using FACS.^[@r41])^ Using this system, we selected 14 factors as candidates for cardiac reprogramming, which are specifically expressed in cardiomyocytes and are critical for heart development, demonstrated in knockout mouse studies.

We next developed a screening system in which the induction of mature cardiomyocytes from fibroblasts could be analyzed quantitatively by FACS. We generated α myosin heavy chain (αMHC) promoter-driven EGFP-IRES-Puromycin transgenic mice (αMHC-GFP), in which only mature cardiomyocytes expressed the green fluorescent protein (GFP).^[@r14],[@r44],[@r45])^ Transduction of all 14 factors into fibroblasts induced 1.7% of GFP^+^ cells, and serial removal of individual factors demonstrated that a combination of three factors (Gata4, Mef2c and Tbx5) were sufficient for efficient GFP^+^ cell induction (around 15%) from CFs. The three cardiac reprogramming factors, Gata4, Mef2c and Tbx5, are core cardiac transcription factors during early heart development^[@r46]--[@r48])^ and are known to interact with each other, coactivate cardiac gene expression and promote cardiomyocyte differentiation.^[@r49]--[@r51])^ We designated these GFP^+^ cardiomyocyte-like cells induced cardiomyocytes (iCMs). The iCMs expressed several cardiac marker proteins, such as sarcomeric α-actinin, cardiac troponin T and atrial natriuretic factor (Fig. [3](#fig03){ref-type="fig"}). They also had well-defined sarcomeric structures similar to neonatal cardiomyocytes. The global gene expression profile of GFP^+^ iCMs is not identical but similar to neonatal cardiomyocytes, and different from original CFs (Fig. [4](#fig04){ref-type="fig"}). We also found that functionally important cardiac genes, such as ion channel genes and sarcomere genes were upregulated more in 4-week iCMs than in 2-week iCMs, suggesting full maturation occurred over several weeks. The chromatin state of iCMs was also similar to cardiomyocytes but different from fibroblasts in histone modifications and DNA methylation patterns.^[@r14])^ These results suggest that iCMs are cardiomyocyte-like cells in gene expression and epigenetic states. We also demonstrated that iCMs possessed functional properties which are characteristic of cardiomyocytes. The iCMs exhibited intracellular Ca^2+^ transient and action potentials after 2--4 weeks of culture. In addition, CF-derived iCMs contracted spontaneously.

To determine if the iCMs could arise from cells in other organs, we transduced the three factors into mouse tail-tip fibroblasts (TTFs). We found that TTF-derived GFP^+^ cells expressed cardiac markers and spontaneous intracellular Ca^2+^ transient, while the percentage of cardiac troponin T^+^ cells was 50% less than that of CF-derived iCMs. The TTF-derived iCMs had some functional characteristics of cardiomyocytes, such as spontaneous intracellular Ca^2+^ transients, but we did not observe cellular contraction, suggesting that TTFs are more resistant to cardiac reprogramming by GMT. These findings exclude the possibility that iCMs arise from contamination of cardiomyocytes or cardiac progenitors in the fibroblast population.^[@r52],[@r53])^

While direct conversion of somatic cells to β-cells and neurons has been reported, the "route" of cell fate alteration is not clear. There are two possibilities for the reprogramming of fibroblasts into differentiated cardiomyocytes. One is a direct conversion of fibroblasts into differentiated cardiomyocytes and the other is that fibroblasts first revert to a cardiac progenitor/stem cell fate before further cardiac differentiation. We were able to genetically test these two possibilities by using the mice expressing Isl1--Cre-yellow fluorescent protein (YFP) and Mesp1-Cre-YFP obtained by crossing Isl1-Cre or Mesp1-Cre mice with R26R-EYFP mice.^[@r54])^ Isl1 and Mesp1 are transiently expressed in early cardiac progenitor cells before further cardiac differentiation.^[@r25],[@r55])^ We found that iCMs induced from Isl1-Cre-YFP and Mesp1-Cre-YFP fibroblasts did not express YFP, suggesting the fibroblasts directly reprogrammed into differentiated cardiomyocytes without passing through a cardiac progenitor cell state, with GMT transduction. We next investigated whether GMT-transduced CFs can be transplanted *in vivo* and be reprogrammed into cardiomyocytes within the heart. CFs infected with GMT expressed α-MHC GFP and sarcomeric markers, and converted into cardiomyocyte-like cells in the mouse hearts after 2 weeks of cell transplantation.

Following our initial report, other groups also reported generation of cardiomyocyte-like cells from mouse fibroblasts based on the same factors or microRNAs. Song *et al.* reported that adding Hand2 to GMT converted adult CFs and TTFs into functional cardiomyocyte-like cells more efficiently than GMT alone.^[@r20])^ Protze *et al.* found that the combination of Mef2c, Myocardin and Tbx5 upregulated a broad spectrum of cardiac genes and induced functional cardiomyocytes from mouse embryonic fibroblasts and CFs.^[@r56])^ Jayawardena *et al.* reported that a combination of muscle-specific microRNAs, mir-1, 133, 208 and 499, can convert CFs into functional cardiomyocyte-like cells.^[@r57])^ Thus, both GMT and other combinations of factors can induce cardiac reprogramming, which is similar to the experience in the iPSC field. Although the induction of fully matured cardiac cells remains low in culture and further refinements are needed, these results suggest that large amounts of an individual's own fibroblasts can be transduced with the cardiac reprogramming factors *ex vivo* and be delivered to damaged myocardium for regenerative purposes.

Induction of cardiomyocyte-like cells in vivo by gene transfer of cardiac reprogramming factors
===============================================================================================

Based on the findings of direct cardiac reprogramming *in vitro*, we investigated whether gene transfer of GMT into mouse injured hearts could similarly induce cardiomyocyte generation (Fig. [5](#fig05){ref-type="fig"}).^[@r21])^ We first confirmed that *in vitro* transduction of GMT retrovirus converted adult cardiac fibroblasts from the mouse infarct region into iCMs with cardiac-specific gene expression and sarcomeric structures. Injection of GMT retrovirus into αMHC-GFP transgenic mouse hearts induced the expression of αMHC-GFP, a reporter of cardiomyocytes, in 3% of virus-infected cells. A mixture of GMT injection into the immunosuppressed mouse hearts induced cardiac protein expression in retrovirus-infected cells within 2 weeks with a conversion rate of approximately 1%, although few cells showed striated muscle structures. Next, to transduce GMT more efficiently *in vivo*, we developed a polycistronic retrovirus vector expressing GMT separated by 2A "self-cleaving" peptides (3F2A). *In vivo* gene transfer of 3F2A into infarct hearts resulted in generation of induced cardiomyocyte-like cells in fibrotic tissues, which expressed sarcomeric α-actinin, cardiac troponin T, and several cardiac-specific genes, and had clear cross striations (Fig. [6](#fig06){ref-type="fig"}). These results suggest that 3F2A-iCMs were more mature cardiomyocytes and that the polycistronic vector can be used for cellular reprogramming *in vivo*.

In parallel with us, two other groups also published independently *in vivo* cardiac reprogramming in mouse infarct hearts. Qian *et al.* found that non-myocytes in infarcted hearts were converted into cardiomyocyte-like cells by GMT retroviral gene transfer.^[@r19])^ Song *et al.* reported that adding Hand2 to GMT converted CFs into functional cardiomyocyte-like cells more efficiently than GMT alone *in vivo*.^[@r20])^ Both studies demonstrated that the *in vivo* iCMs had well-organized sarcomeric structures and exhibited functional characteristics of adult ventricular cardiomyocytes, including cellular contraction, electrophysiological properties and functional coupling to other cardiac cells. They also demonstrated that retroviral gene transfer of reprogramming factors into infarct hearts significantly improved cardiac function and reduced fibrosis 2 and 3 months after myocardial infarction. Although all three studies, including us, demonstrated *in vivo* cardiac reprogramming, the approaches used to address this issue differ. The other two groups used mainly fibroblast-lineage tracing mice to demonstrate cardiac conversion from CFs, while we took an alternative approach of co-transduction with GMT plus marker genes (GFP or DsRed) to demonstrate cardiac induction in the infarct regions using αMHC-GFP transgenic or nude mice. It is possible that the different mouse lines and viral titers used may result in different outcomes among the three studies. Although it is not clear how many newly generated iCMs remained in the injured hearts in the longer-term follow-up and to what extent the iCMs contributed to the improvement in cardiac function, these findings might inform new regenerative strategies for repairing injured hearts. Further works in larger animals, generation of human iCMs and more efficient protocol for direct cardiac reprogramming are needed in the future research.

Conclusions
===========

The work of numerous laboratories has led to significant therapeutic and scientific advances in stem cell applications to cardiac regenerative medicine. Nevertheless, the issues relating to cardiac differentiation efficiency, risk of tumor formation and the time-consuming steps required to generate a large number of cardiomyocytes through iPSCs need to be solved before clinical applications. The new direct cardiac reprogramming technology, in which target cardiac cells can be generated from fibroblast cells by defined factors without reverting to stem cells, may overcome these issues.^[@r14])^ Although much refinement of the reprogramming procedures will be necessary, this new technology raises the possibility of reprogramming endogenous cardiac fibroblasts into functional cardiomyocytes. Studies in human cells, the safe and efficient delivery system of defined factors *in vivo*, and an understanding of the molecular mechanisms involved in direct cardiac reprogramming are necessary. A combination of iPSC-based cardiomyocyte therapy and direct cardiac reprogramming may facilitate the translation of heart regenerative research into clinical applications in the future.
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![Cardiac regenerative strategy through human iPS cell generation. Fibroblasts are obtained from patients, and reprogrammed into iPSCs by transduction of Yamanaka's 4 factors. The iPSCs differentiate into cardiac progenitors and cardiomyocytes, which express specific genes and markers. Pure cardiomyocytes can be sorted by FACS for cell treatment.](pjab-89-118-g001){#fig01}

![Overexpression of specific reprogramming factors reprograms fibroblasts into other type of cells. Fibroblasts can be converted into iPSCs,^[@r07])^ skeletal muscle cells,^[@r38])^ neurons,^[@r17])^ neural progenitors,^[@r39])^ cardiomyocytes,^[@r14])^ and hepatocytes^[@r15])^ by transduction of lineage-specific transcription factors (parentheses).](pjab-89-118-g002){#fig02}

![Gata4/Mef2c/Tbx5 Induce cardiac gene expression in fibroblasts. Immunofluorescent staining for αMHC-GFP (green), α-actinin (red) and DAPI (blue). In the negative control (control), cardiac genes were not induced. The combination of three factors, Gata4/Mef2c/Tbx5 (GMT), induced abundant αMHC-GFP and α-actinin expression in fibroblasts. High-magnification views in insets showed sarcomeric organization.^[@r14])^](pjab-89-118-g003){#fig03}

![Global gene expression pattern of induced cardiomyocytes is similar to cardiomyocytes. Heatmap image of microarray data illustrating differentially expressed genes among fibroblasts, α-MHC-GFP^−^ cells (GFP^−^), iCMs (α-MHC-GFP^+^ cells sorted 4 weeks after GMT transduction) and cardiomyocytes (CMs) (*n* = 3 in each group). FDR-adj p \< 0.0001 in at least one comparison was shown. Global gene expression pattern of iCMs is not identical but similar to cardiomyocytes.^[@r14])^](pjab-89-118-g004){#fig04}

![Gata4/Mef2c/Tbx5 Injection into mouse infarct hearts. Strategy for *in vivo* cardiac reprogramming by Gata4, Mef2c and Tbx5. Myocardial infarction was generated by coronary artery ligation in mouse. A pool of Gata4, Mef2c and Tbx5 was directly injected into the mouse hearts immediately after coronary artery ligation. Gene transfer of reprogramming factors induced new cardiomyocyte generation in a subset of fibroblasts in infarcted hearts.](pjab-89-118-g005){#fig05}

![Induction of cardiomyocyte-like cells in infarct hearts by a single polycistronic vector of Gata4/Mef2c/Tbx5. (A) We developed a polycistronic retrovirus expressing GMT at near equimolar levels from the same promoter using "self-cleaving" 2A peptides (3F2A). Schematic representation of the 3F2A retrovirus containing Gata4, Mef2c and Tbx5 (GMT).^[@r14])^ (B) 3F2A retrovirus induced α-actinin expression and cross striations. White boxes are enlarged in the insets.^[@r14])^](pjab-89-118-g006){#fig06}
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